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FOREWORD 
This  final r e p o r t  documents and s u m m a r i z e s  the study on hollow 
cathode p lasma penetrat ion conducted by The Bunker -Ram0 Corporat ion 
for  the National Aeronaut ics  and Space Adminis t ra t ion,  Elec t ronics  
R e s e a r c h  Center .  
qu i r emen t s  of Contract  NAS 12-9 .  
The r e p o r t  i s  submit ted in compliance with the r e -  
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I. INTRODUCTION 
The objective of this  s tudy,  conducted under  Contract  NAS 12-9,  was 
to de t e rmine  whether the e lec t ron  beam mode d ischarge  (EBMD) is 
sui table  for  penetrat ing the p l a sma  sheath surrounding a reenter ing  
vehicle and providing communications.  
s e r v e d  i n  1960 and h a s  been investigated s ince under  NASA Contract  
NASw-714 and the p re sen t  cont rac t .  
This  d i scharge  was f i r s t  ob- 
The d i scha rge  i s  formed by a conventional hollow cathode with a 
pe r fo ra t ed  wall .  
an  ion col l imated e l ec t ron  beam.  
of p r e s s u r e s  and voltage. In addition, coherent  microwave  radiat ions 
f r o m  the beam have been observed.  
cha rge  appea r  des i r ab le  for  u s e  i n  r een t ry  communication. 
This  configuration w i l l  d i scharge  in  a mode providing 
The beam i s  s table  over  a wide range  
These  p r o p e r t i e s  make  the d i s -  
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11. SUMMARY O F  STUDY E F F O R T ,  BY STATEMENT O F  WORK ITEMS 
The contractual  Statement  of Work s e t s  fo r th  five m a j o r  i t e m s  f o r  
pe r fo rmance  under  the contract .  These i t ems  and s u m m a r i e s  of the 
respec t ive  e f for t s  to  accompl ish  them a r e  presented  in this  chapter .  
I tem 1: Conduct a survey  of the l i t e r a tu re  to collect  the ex is t ing  
knowledge of beam-p lasma  interact ions,  e l ec t ron -beam-  
produced p l a s m a s  and cha rac t e r i s t i c s  of r een t ry  p l a s m a  
sheaths  that i s  applicable to  the above s ta ted objective.  
The F i r s t  Quar t e r ly  P r o g r e s s  Report  and the bibliographies of the 
Second and Thi rd  Quar t e r ly  P r o g r e s s  Repor ts  and of this  r e p o r t  s e r v e  
to  s u m m a r i z e  the r e su l t s  of I t em 1. 
The l i t e r a t u r e  survey ,  which was to have been concluded 30 J u n e  1966 
accord ing  to the or iginal  schedule ,  was extended by mutual  consent to 
cover  the en t i r e  per iod of per formance  of the contract .  
p r i m a r i l y  because  the speed with which l i t e r a tu re  could be a s sembled  
and digested was  l imited by process ing  t i m e  a t  the r e fe rence  s o u r c e s  
and because  a much m o r e  extensive body of l i t e r a tu re  on the subject  w a s  
d iscovered  than had previously been thought to be available.  Seve ra l  
thousand t i t les  w e r e  sea rched ,  s eve ra l  hundred a b s t r a c t s  r e a d ,  and 
m o r e  than a hundred complete a r t i c l e s  studied and analyzed. 
This  w a s  done 
The  m o s t  impor tan t  a r t i c l e s ,  in t e r m s  of beam-p lasma  in te rac t ion  
theo r i e s  and exper imenta l  r e s u l t s ,  were  summar ized  in Bunker  -Ramo's  
F i r s t  Quar t e r ly  P r o g r e s s  Repor t ,  dated September  1965. That  r epor t  
does not contain information f r o m  classif ied sou rces .  A classif ied a d -  
dendum to the r epor t  wil l  be provided upon reques t  of NASA and upon 
au thor iza t ion  of the cognizant secur i ty  agencies .  
t i t l e s  of c lass i f ied documents  i s  included in the bibliography of that r e -  
po r t .  
1 i terature .which p e r t a i n  d i rec t ly  to this cont rac t ,  with one notable excep-  
tion; i. e. , the work  done by Republic Aviation f o r  Wr igh t -Pa t t e r son  A i r  
F o r c e  B a s e  in a beam-p lasma  reen t ry  communicat ions scheme.  
i t e m s  of significance to  this study resul t ing f r o m  this c lass i f ied cont rac t  
w e r e  not i t ems  of s ecu r i ty  concern  in themselves .  The re fo re ,  the F i r s t  
and Second Quar t e r ly  P r o g r e s s  Reports  summar ized  the e s sen t i a l  f ea tu re s  
of the Republic Aviation effort  which pe r t a in  to this study. 
ta i led informat ion  wil l  be provided upon reques t  and authorizat ion by 
the cognizant secur i ty  agencies .  
A l i s t  of the unclassif ied 
No classif ied developments  of significance w e r e  repor ted  in the 
The 
More d e -  
The m o s t  significant beam-p lasma  in te rac t ion  s tudies  covered in  this  
s e a r c h  w e r e  the Smullin and Getty exper iments  in high densi ty  hydrogen 
beam-gene ra t ed  p l a s m a s  at  MIT, and the nonmagnetically confined bea.m- 
p l a s m a  in te rac t ion  s tudies  of Looney and Brown a t  MIT and those of 
Drummond and Kofoid of Boeing Aircraf t  in Seatt le.  
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The f i r s t  group of s tudies  i s  highly important  because of i t s  bas i c  o r  
fundamental  significance.  The Looney-Brown and Drummond -Kofoid , I
exper iments  w e r e  p r i m a r i l y  important  because  they explain or  r e p o r t  
coherent  osci l la t ions obtained in the absence  of magnet ic  f ie lds  through 
interact ion between e l ec t ron  b e a m s  and low densi ty  p l a smas .  Th i s ,  in 
t u rn ,  i s  important because  i t  is basical ly  the si tuation, f r o m  the i n t e r -  I 
act ion field point of view, which obtains in the hollow cathode d ischarge .  
I t em 2: 
I 
I 
1 
‘ I  
~ 
P e r f o r m  theore t ica l  analysis  of the microwave radiat ion f r o m  
the hollow cathode electron-beam-mode d i scha rge ,  as  a func-  
tion of b e a m  c u r r e n t ,  vol tage,  and p r e s s u r e  including the 
analysis  of the following cha rac t e r i s t i c s :  
. I  
(a) Power  density s p e c t r u m  of radiat ion f r o m  the d i scha rge  
(b)  Radiation pa t t e rns  of the emit ted power 
(c )  Nature of the radiat ion mechanism.  
The range of p r e s s u r e s  and d e g r e e s  of ionization covered wil l  
include those typically eiicounte red in the ionized p l a s m a  shea th  
during the r een t ry  phase  of space  flights. 
This  i tem proved to be the m o s t  difficult theore t ica l  job ,  a s  might  be 
expected f r o m  the bas i c  difficulty of providing p r e c i s e  theore t ica l  d e s  - 
cr ip t ions  of p rac t i ca l  p l a s m a  behavior ,  and because  one is deal ing h e r e  
with p l a sma  conditions not of the usua l  ideal ized labora tory  model.  How - 
e v e r ,  a n  approach was  found which to s o m e  extent  has  a l r eady  been v e r i -  
f ied.  Bunker-Ramo‘s  model of the mechan i sms  involved i s  based  on the 
Looney -B rown exper iments  and the Drummond -Kofoid theore t ical  approach.  
I t em 3: Investigate,  theore t ica l ly ,  the m e a n s  of controll ing the radiated 
power and of providing microwave  modulation of the beam f o r  
use in radiat ion of microwave  t e l eme t ry  s igna l s ,  incorpora t ing  
the r e s u l t s  of I t ems  1 and 2. 
F o r  purposes  of repor t ing ,  r e su l t s  of the effor t  on this  i t e m  w e r e  
combined with the r epor t  on I t em 2 ,  because  modulation methods  w e r e  
found to be inseparable  f r o m  analys is  of the s o u r c e  and c h a r a c t e r i s t i c s  
of the radiation i tself .  
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I .  
This  effor t  is  closely related to Item 2 and was conducted concurren t ly .  
The theore t ica l  work eliminated many proposed modulation and control  
techniques,  but fu r the r  experimental  work i s  requi red  before  the r e s u l t s  
a r e  definitive. 
I tem 4: Theoret ical ly  investigate ttle penetrat ion of neut ra l  gas  and of 
ionized gas by the e l ec t ron  beam f r o m  the hollow cathode e l ec -  
tron-beam-mode d ischarge ,  incorporating the r e su l t s  of I t em 1. 
Penet ra t ing  p rope r t i e s  wi l l  be studied a s  a function of gas  p r e s -  
s u r e  and percentage of background ionization of ionized gas.  
The range of p r e s s u r e s  and degrees  of ionization investigated 
wil l  include those typically encountered in the ionized p l a s m a  
sheath during the r een t ry  phase of space fl ights.  
This  i t em was per formed p r imar i ly  through extension of exper imenta l  
r e s u l t s  obtained in interact ion exper iments  between the e lec t ron-beam-  
mode d i scha rge  and t a rge t  p l a smas .  Some exper imenta l  investigations 
and theore t ica l  t r ea tmen t s  of the penetrat ion of neut ra l  gas  by e l ec t ron  
b e a m s  w e r e  included, 
I tem 5: Util izing the r e su l t s  of I tems  1 through 4, es t ima te  the value of 
the uti l ization of the e lec t ron-beam-mode d ischarge  as a tech-  
nique f o r  providing microwave t e l eme t ry  through a r een t ry  
p l a sma  sheath.  The applicabili ty of this method wil l  be s ta ted 
a s  a function of: 
( a )  Sheath thickness  
(b) Density of ions and neut ra l s  in  the shea th  
( c )  Percen tage  of ionization in the sheath 
(d) D-c beam power 
(e) R F  modulator power.  
The  effor t  under  work  s ta tement  I tems  2 and 4 contributed the m o s t  
to the  accomplishment  of this  i tem.  
e l ec t ron  beam wil l  pene t ra te  the ion sheath a t  the al t i tudes of i n t e r e s t ,  
but the microwave radiation f r o m  this beam i s  s t i l l  in question. More 
definit ive conclusions mus t  awai t  fur ther  experimentation. 
of e f for t  on this i t em a r e  reported in detai l  in Chapter  I11 and summar ized  
in Chap te r s  IV and V. 
The genera l  findings a r e  that the 
The  r e su l t s  
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111. DISCUSSION O F  TECHNICAL E F F O R T  
A, EFFORT O F  FIRST THREE QUARTERS 
I .  
The var ious  significant problem a r e a s  encountered during the e f for t  
covering the f i r s t  t h ree  qua r t e r ly  contractual  pe r iods  a r e  summar ized  
in the subsect ions which follow. 
l e m s  s e r v e  as the bas i s  of the work  pe r fo rmance  f o r  the final q u a r t e r ' s  
effor t ,  p resented  in Section C of this  chapter .  
The r e s u l t s  of the effort  on these  prob- 
1. Focusing 
The e lec t ron  beam produced by the e lec t ron-beam-mode d i scha rge  
has  a g r e a t e r  than normal stabil i ty and col l imat ion,  p r i m a r i l y  because  
the balance between divergent  space  charge  f o r c e s  and convergent  mag- 
net ic  f o r c e s  is s t r u c k  and maintained in t h e v e r y  p r o c e s s  of fo rming  the 
beam. 
countered by the b e a m  in  the p r o c e s s  of pas s ing  f r o m  i t s  sou rce  into 
the reg ion  of neu t r a l  o r  ionized g a s  surrounding i t s  source .  
r e t i c a l  support  f o r  this  p i c tu re  has  been obtained and r epor t ed  i n  the 
Second and Th i rd  Quar te r ly  P r o g r e s s  Repor ts .  
p e r i m e n t s  themselves  which speak most  eloquently f o r  this  point of view. 
The  same beam cur ren t  dens i t ies ,  ve loc i t ies ,  and col l imat ion which one 
is v e r y  h a r d  p r e s s e d  to  achieve through the u s e  of sophis t icated magnet ic  
focusing techniques in  high vacuums i s  v e r y  eas i ly  .achieved by the e l ec t ron -  
be am -mode d is  charge  . 
In o ther  w o r d s ,  no abrupt  change in boundary conditions is en -  
Some theo-  
However,  it is the ex- 
This  self-focusing p rope r ty  of the e lec t ron-beam-mode d i scha rge  can  
be used  as specif ied,  with careful ly  designed cathodes,  if the i r  heat  d i s -  
s ipat ion i s  adequate and i f  the i r  s i z e  i s  not comparable  to the d imens ions  
of the shea th  surrounding the cathode. The u s e  of the b e a m  alone is 
f eas ib l e  f o r  pene t ra t ing  the reent ry-produced  p l a s m a  sheath down to  a l -  
t i tudes a t  l e a s t  as low as 100 ,000  feet ,  eve rywhere  along the r e e n t r y  body 
except  a t  the stagnation region,  providing (1) the ave rage  velocity of the 
b e a m  is high enough and ( 2 )  t he re  a r e  no e l e c t r i c  f ie lds  ex te rna l  to  the 
r e e n t r y  vehicle which are  significant compared  with the voltage r equ i r ed  
to  a c c e l e r a t e  the beam in  the p r e f e r r e d  direct ion.  I t  i s  thought that one 
m a y  thus  expect  to keep  the e lec t ron-beam-mode d i scha rge  col l imated 
even  through l a rge  p r e s s u r e  fluctuations,  down to a t  l ea s t  100,000 f ee t ,  
p rovid ing  such  p r e s s u r e  fluctuations do not occur  m o r e  rapidly than the 
f r equency  with which the space charge-neut ra l ized  beam can  adjust  to  
a change in neut ra l  pa r t i c l e  density.  
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F o r  most  r een t ry  speeds  (including that of Apollo) sui table  f o r  manned 
spacecraf t  r een t ry ,  this  condition is met .  F o r  weapons -type r een t ry  
veloci t ies  and flight p r o f i l e s ,  this  condition probably would not be  met .  
F o r  p r e c i s e  l imitat ions on the r a t e  a t  which p r e s s u r e  fluctuations can  
o c c u r ,  experiments  specif ical ly  designed to de te rmine  the l imi t  of the 
b e a m ' s  ability to adjust  to p r e s s u r e  changes m u s t  be pe r fo rmed .  
s imple  experiments  can  b e  pe r fo rmed  in conjunction with the radiat ion 
study recommended in the unsolicited p roposa l  previously submitted to  
NASA, ERC by Bunker-Ram0 and in  Chapter  V ("Recommendations") 
of this report .  
These  
2. Radiation 
A theoret ical  t rea tment  of the radiat ion mechan i sms  of the e l ec t ron -  
beam-mode d ischarge  has  been achieved in the l a s t  two o r  t h ree  months 
of investigation. 
p e r i m e n t  and the Drummond-Kofoid theore t ica l  t rea tment .  
w a s  outlined in the Thi rd  Quar t e r ly  P r o g r e s s  Report  and i s  d i scussed  in  
considerable  detai l  in Section B of this  chapter .  
been found that ,  s ince the p r e s e n t  mode of osci l la t ion f r o m  the e l ec t ron -  
beam-mode d i scha rge  is probably the lowest o r d e r ,  and the re fo re  s t rong-  
e s t ,  mode of osci l la t ion achievable ,  o rde r -o f  -magnitude i n c r e a s e s  in  
power  output o r  efficiencv are  not likely to occur .  Some i n c r e a s e s  in 
power output levels  can  be achieved,  probably ,  through redes ign  of the 
cathode,  e lec t ron-beam power  density i n c r e a s e s  wil l  tend to be  l inear  
with increased  power  and,  t he re fo re ,  una t t rac t ive  f r o m  the point of view 
of reducing power  and weight requi red  f o r  the r e e n t r y  sys t em.  
pe r imen ta l  p r o g r a m  to ver i fy  the r e su l t s  of these predict ions and to 
de t e rmine  quantitatively how much improvement  can  be expected ove r  
the previously observed  power  leve ls  would be worthwhile.  
This  t r ea tmen t  is  based  upon the Looney-Brown ex- 
This  approach  
To s u m m a r i z e ,  i t  has  
An ex- 
The EBMD has  never  been  considered to exhibit  the Boyd and a u l d  
type of amplification which could provide coherent  e lec t rokine t ic  o sc i l l a -  
t ions which w e r e  convert ible  to e lec t romagnet ic  osci l la t ions.  
f o r  the eake of comple teness  and in  o r d e r  to round out the ca tegor ies  
descr ibed  previously,  the subject  wil l  be  d i scussed  in connection with 
the EBMD. 
However ,  
T o  obtain amplification of the informat ion  o r  s igna l  energy  on an  
e l ec t ron  beam i m m e r s e d  in  a p l a s m a ,  the s igna l  ene rgy  m u s t  be ava i l -  
able  as a space charge  wave on the b e a m ,  and the b e a m  m u s t  have a 
p l a s m a  frequency close to the p l a s m a  f requency  of  the med ium modified 
by the cyclotron frequency in the c a s e  of a longitudinal B f ie ld  focusing 
f o r  the beam (which i s  usual) .  
. 
I 
~ 
1 
* I  
i 
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This  B field a l s o  provides  the anisotropy in the permeat iv i ty  t enso r  
which gives r i s e  to the capabili ty fo r  unstable growth of space  charge  
waves.  The quali tative p i c tu re  does not r e q u i r e  the B f ie ld ,  however,  
and is given without i t ,  under  the assumption that bunching ampli tudes 
a r e  sma l l ,  The p l a s m a  e l ec t rons  osci l la te  a t  a frequency of 
3 r ad  
0 =   IT GX 8 . 9 x 10 -Pe e s e c  
where  ne is the e lec t ron  density in the p l a sma .  
osc i l la te ,  while dr i f t ing,  a t  a frequency 
The  beam e lec t rons  
3 rad  upb = 2 1 ~ 6  x 8 . 9  x 10 -s e c  
where  nb i s  the b e a m ' s  number density of e lec t rons .  
sf the beam a r e  pas s ing  through the p l a sma  medium a t  a velocity 
If the e lec t rons  
w h e r e  V is the d - c  beam velocity 
0 
= n A U o  
(pv)d -c e 
wi l l  f low, where  A is the beam a r e a ,  modulated by a cu r ren t  modulation 
If one w r i t e s  total  c u r r e n t  a s  
I = ( F  t p )  (G t Uo) A 
then 
J ( c u r r e n t  density) = + Uoj'  -+ p c  t d o p  
- L I  
Under  the assumption of small U ,  p ,  neglecting products  in  R F  quantit ies 
yields  
111-3 
Let  be a maximum when i s  in phase  quali tative; then, in a snapshot ,  
pg o r  u 
0 
r ep resen t s  the total  R F  modulation amplitude of a wave which propagates  
a t  a group velocity U and a phase velocity 
0 
0 
U 
v =  
P 1 - -  
a 
0 
It  mus t  now be assumed that 
2 
- < < i  (ap) 
0 
o r  the phase velocity wil l  be unsuitable f o r  synchronous interact ion b e -  
tween the fas t  and slow space  charge  waves (+a /a) when dis t r ibuted 
interact ion occur s  in a medium whose phase ve  P ocity is  s imply the d - c  
beam velocity per turbed  by k T / m .  
Thus ,  a half-period of osci l la t ion of the e l ec t ron  beam m u s t  see  a 
t rans la t ion  of one space  charge  wavelength in the medium in o r d e r  fo r  
the phase of the re ta rd ing  field to be p rope r  f o r  growth. 
re ta rd ing  field i s  necessa ry  to reduce d - c  beam energy  through inc reased  
R F  oscil lation. 
Of c o u r s e ,  the 
The requirement  for  posi t ive energy growth provides  w P / o ,  and,  f o r  
synchronism,  w / a = O .  1. In the EBMD, these  conditions a r e  obviously 
violated except P o r  evanescent  waves.  
3. Penet ra t ion  
With respec t  to the beam itself  for  pene t ra t ing  the r een t ry  p l a s m a ,  
i t  is c l ea r  that if the power and weight r equ i r emen t s  of the power supply 
and hollow cathode d ischarge  can  be met in a r e e n t r y  s p a c e c r a f t ,  one 
can ,  through eve ry  region of the r een t ry  body except  the s tagnat ion region,  
produce a coll imated e l ec t ron  beam which e s c a p e s  the immedia te  and 
m o s t  dense regions of the shea th  sur rounding  the vehicle .  In addition, 
t he re  will be radiation of a coherent  na tu re  a s soc ia t ed  with this  e l ec t ron  
beam propagating along i t ,  e i t he r  by v i r tue  of the e f f ec t  of the e l ec t ron  
beam itself upon the permeat iv i ty  t enso r  of the t a r g e t  p l a s m a  o r  by the 
b e a m s  simply serving a s  an  antenna which i s  m o r e  r e s i s t a n t  to loading 
and physical  a t t r i t ion  effects of the p l a sma .  Modulation of this  radiat ion 
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can in pr inc ipa l  be achieved by var ia t ions in cathode voltage. It has  
been found impossible ,  with Bunker-Ramo's  p r e s e n t  knowledge, to p r e -  
dict  the r a t e  a t  which modulation can occur ,  the absolute  attenuation 
which the beam-generated coherent  radiation would sus t a in  under  such 
c i r cums tances  , and the radiat ion pat tern which e m e r g e s  f r o m  the b e a m -  
p l a s m a  sys t em except in the m o s t  general  t e r m s .  That  is ,  the radiation 
would tend to be c i r cu la r ly  polar ized  along the ax is  of the beam. 
effective gain of this antenna,  however,  m u s t  be de te rmined  by expe r i -  
ment  s ince ord inary  antenna theory does not lend itself to predict ing the 
spa t ia l  mode s t ruc tu re  of such a system. 
The 
B. SUMMARY O F  THE FIRST THREE QUARTERS' RESULTS 
The effor ts  of the f i r s t  th ree  qua r t e r s  can  be  summar ized  under  two 
m a j o r  headings: modulation s tudies  and beam studies .  Modulation s tudies  
include the generat ion,  control ,  and t r ansmiss ion  of the EBMD-associated 
radiat ion through the r een t ry  plasma.  B e a m  studies  include the format ion ,  
cont ro l ,  and t r ansmiss ion  of the beam through the t a rge t  p lasma.  
a 
1 .  Modulation Studies 
In the modulation s tudies ,  a c lass i f icat ion w a s  made of a l l  of the im- 
This was  an  at tempt  to reduce the EBMD-associated osc i l la -  
por tan t  beam-p lasma  o r  p l a s m a  oscil lation modes  which have been 
analyzed. 
t ions to a s m a l l  enough c l a s s  to pe rmi t  a s t a r t  upon modifying a valid 
theory to f i t  the EBMD. 
This  approach proved to b e  frui t ful ,  but i t  was  not ve ry  economical 
of labor  o r  rapid.  
wi l l  continue to be  useful to both Bunker-Ram0 and NASA, ERC. 
It did produce a body of knowledge f o r  the labor  which 
It  w a s  shown that the EBMD is not a beam-p lasma  traveling-wave 
phenomenon, but a p l a s m a  ( o r  beam-p lasma ,  in a b roade r  s ense )  o sc i l l a -  
tion phenomenon. The existing mechanisms for  conversion f r o m  e lec t ro -  
mechanica l  to e lec t romagnet ic  oscil lations a r e  inappropriate  to desc r ibe  
the conversion in  the EBMD. 
proved  difficult to de s c r ibe . 
The mechanism that i s  operat ive has  
The frequency-shif t ing of the output radiat ion by voltage control  of 
the cathode,  observed experimental ly ,  has  an  explanation of one s o r t  
in the sheath- type osci l la t ions o r  in  the p l a s m a  diode osci l la t ion descr ibed  
by Wehner  e t  al. 
osc i l la t ion  in the cathode proved by bal l is t ic  ana lys i s  a r e  intract ible .  
The mathemat ics  involved in an  at tempt  to desc r ibe  the 
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The analysis,  however ,  did revea l  the very  significant effect of the 
e l ec t ron ' s  acce lera t ion  through the sheath and showed that only a n  ex -  
t r eme ly  non-Maxwellian velocity group can account f o r  the format ion  of 
the b e a m  f r o m  the negative glow. Previous ly ,  spec t roscopic  s tudies  had 
provided the s a m e  conclusion without providing a n  insight into the effects  
of the var ious port ions of the d ischarge .  The  l i ne - spec t rum na ture  of 
the emiss ion ,  i t s  stabil i ty with r e spec t  to  m o s t  d i scha rge  p a r a m e t e r s  
(except  voltage), and i t s  low power density re la t ive to the d ischarge  
energy  a r e  consis tent  with what i s  understood of the Wehner  type osc i l la -  
t ions.  Coupling the coherent  e lec t ron  osci l la t ions into the b e a m  as space  
charge  waves o r  into the cathode f ie lds  as  e lec t romagnet ic  waves ,  however ,  
is not likely in the f o r m e r  c a s e ,  no r  quantitatively supported in the la t te r .  
I t  is necessary  to exper iment  fu r the r  in o r d e r  to c la r i fy  this problem.  
Such experimentat ion is provided for in the proposa l  previously sub-  
mit ted toNASA, ERG. 
Considerably m o r e  effort  i s  needed in the en t i r e  field of radiat ion 
0 mechanisms.  
and radiations in  high densi ty ,  low density,  cool,  hot ,  confined, f r e e ,  
acce le ra ted ,  drift ing,  gaseous ,  liquid and so l id-s ta te  p l a s m a s .  T h e r e  
i s  a respectable  amount of general ized energy -momentum-propagat ion 
theoretical  t r ea tmen t s ,  with, a few allusions to the expe r imen t s  as c l a s s e s  
of events .  However ,  t he re  is nowhere,  except  in Smullin and Getty e t  
a l ,  a concerted a t tempt  to r e l a t e  specif ic  observa t ions  with nonpa ramet r i c  
theoret ical  t rea tments .  
T h e r e  is a p le thora  of exper imenta l  r e p o r t s  of osci l la t ions 
2. B e a m  Studies 
Considerably m o r e  success  was m e t  in the b e a m  s tudies ,  because  
the re  is a his tory of investigation of b e a m  sca t t e r ing  and col l imat ion 
running back to J .  J .  Thompson,  o r  even to F a r a d a y ,  i f  one wishes  to 
s t r e t ch  a point slightly. 
c i s t s  and mathematical  phys ic i s t s  of the nineteenth century and the twen- 
t ieth century ( to  1940) have concerned themselves  with this problem.  
In addition, many of the modern-day  eng inee r s  concerned with b e a m  tube 
and ion engine design have used the r e su l t s  of these  scient i f ic  s tudies  in 
the i r  analyses  of beam formation and control.  
Many of the m o s t  br i l l iant  exper imenta l  phys i -  
T h e r e  is one fac tor  in  the EBMD which has escaped  previous  attention 
by invest igators  p r i o r  to the work  of Hugo Van P a a s s e n  and E m i l  Muly, 
in  which one of the au thors  of the p r e s e n t  r e p o r t  was  involved. 
fac tor  i s ,  obviously, the mechan i sm by which the per fora ted  wall  hollow 
cathode can produce ,  stably and consis tent ly ,  a col l imated b e a m  in n o r -  
mal ly  hostile reg imens  of p r e s s u r e  and p r e s s u r e  changes.  The  explan-  
ation is provided, a lbei t  without sufficiently tu tor ia l  introduction, by the 
f inal  repor t  in  Cont rac t  NASA-7 14. T h i s  tu tor ia l  w a s  par t ia l ly  provided 
in P R  No. 3 under  NAS 12-9. G. Russe l l  h a s  provided f u r t h e r  ana lys i s  
Th i s  
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I . . through a t ra jec tory  t r ea tmen t  in te r ior  to the cathode, which adds to the real izat ion of the uniqueness of the effect  but does  not make  the tutor ia l  p a r t  of the job l e s s  difficult. His work i s  covered in the fourth q u a r t e r ' s  e f for t .  Application of the effect  to p l a sma  sheath penetrat ion is s t r a igh t -  forward  f o r  t'he model  of the p l a sma  used. Lack of knowledge, however ,  ex i s t s  about the quality of the model  which is invincible to  those not pr ivy to exact descr ip t ions  of the actual  reent ry  plasma-and this l a rge  group includes the p re sen t  inves t iga tors ,  in spite of the i r  studying many r epor t s  of m e a s u r e m e n t s  and ana lyses  thereof.  t r a n s v e r s e  to the motion of the beam e lec t rons ,  o r  osci l la t ions which der ive  the i r  amplitude gain f r o m  the beam ' s  kinet ic  ene rgy ,  a r e  inimical  to coll imation. Nothing h a s  been found in the p r e s e n t  r e s e a r c h  which can do m o r e  than compensate  f o r  these  per turba t ions  by increased  e l ec t ron  velocity. Inc reases  in e lec t ron  velocity a r e  l imited by cathode heat d i s -  sipation at high p r e s s u r e s  (>IO p) and by re la t iv i s t ic  nonadiabatic effects at low p r e s s u r e s .  p l a s m a  sheath is ,  in p r a c t i c e ,  power and  weight- l imited,  the l a t t e r  of 
these  two l imitat ions i s  academic  and the f o r m e r  of concern  mainly in 
the l abora to ry ,  o r  below 100,000 feet .  
F i e lds  of l a rge  average  values  
. 
Since use  of the beam in t r ansmiss ion  through the 
The per iod of space charge  amplifying osci l la t ions m u s t  be ,  in gene ra l ,  
r e s t r i c t e d  to values  of t imes  g r e a t e r  than that requi red  to provide ions 
to combat the space  charge  spreading produced thereby (through reduction 
of b e a m  velocity).  S imi la r ly ,  p r e s s u r e  fluctuations of given magnitude 
relat ive to total p r e s s u r e  must  occur  in per iods  s h o r t e r  than the s a m e  
ion build-up t ime.  
b e a m - a i r  molecule  in e las t ic  col l is ions,  the p rob lem reduces  to one of 
neutral iz ing the excess  e lec t ron  density. 
takes  place in a p l a s m a ,  such a s  the reent ry  p l a s m a  instead of in  a neut ra l  
g a s ,  i t  can  validly be a s s u m e d ,  in the absence of f ie lds ,  that the p l a s m a  
e l ec t rons  space -charge  neutral ize  the ambient ions. 
time can  be  expres sed  in t e r m s  of p r e s s u r e ,  e l ec t ron  veloci ty ,  and ion-  
izing cross-section:;: as  the solution to 
Since the only provider  of p rope r  ions is the e lec t ron  
If this sca t te r ing  o r  coll imation 
This  ion build -up 
w h e r e  n2 is  the ion densi ty ,  n i s  the e lec t ron  dens i ty ,  v is the e l ec t ron  
veloci ty ,  p is the p r e s s u r e  and P is  the ionizing e f fk i ency .  
equation is a s ta tement  of balance between e lec t ron  build-up and ion 
compensat ion.  Unfortunately,  P and v i  a r e  d i s s i m i l a r  functions of vol-  
tage. If one a s s u m e s ,  however ,  that in  a cyl indrical  b e a m ,  N2 (the 
total  ion densi ty)  is the s imple  average  s u m  of the local  dens i t ies  - s o  
that dis t r ibut ion is uniform spatially-the spec i f ic  value of t f r o m  the 
equation above m a y  be wr i t t en  a s  
Thus the 
Jii 
A. Von Engel  and M. Steenbeck, Elek t r i sche  Gasentladungen, J. 
S p r i n g e r ,  Be r l in ,  Vol. I ,  1932, and Vol. 2 ,  1934 
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I f ,  f u r t h e r ,  No>>Nz o r  N 1 ,  p i s  not t ime dependent during the in t e rva l ,  
and 
- 1  f o r  T in psec,  p in mm Hg, and P in c m  . 
Note that e i the r  n2 nor  n i  i s  explicit ly contained in this expres s ion ,  
having been integrated out in the case  of n2 and conditioned out in  the 
c a s e  of n i .  
c u r r e n t s  s m a l l  compared  with total  neut ra l -p lus- ion  flux, and f o r  v e -  
loci t ies  small  compared with 
Thus ,  the final expres s ion  i s  independent of c u r r e n t  f o r  
V c ,  (re 0.1)  
Typical  values of T f o r  a i r  a r e ,  a t  5000 volts:  
0. 1 psec a t  P = 
etc .  The re fo re ,  a t  p r e s s u r e s  in  e x c e s s  of 10 p, if T <  10-3, 1 k m c  o s -  
cil lations in p r e s s u r e  can be compensated f o r  if 
1 psec a t  P = 
0. 015 psec at P = i o m 3 ;  0. 0012 psec a t  P = lo-'; 
An 
(- O <el) 
NO 
and the space charge  densi ty  i s  
An 
(- c 0 . 0 1 )  
N l  
F o r  a Mach 3 passage  f r o m  110 ,000  to  1 0 0 , 0 0 0  f ee t ,  one o b s e r v e s ,  
outside the region where  P/Po >1. 0 ,  a p r e s s u r e  change of 0. 15 mm Hg 
in l o 7  psec. 
Assume  tha t  a stagnation p r e s s u r e  r a t io  of 20 to 1 i s  re f lec ted  in  p r e s s u r e  
v e r s u s  altitude changes a s  we l l ,  s o  that 0. 15 mm Hg 
The conditions a r e  c l ea r ly  met up to  Mach 10 and above. 
= 20 x 0. 15 = 3 mm Hg/ lO 7 psec  (t) 
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L 
-5 . By extrapolat ion,  1 mm H g =  10 psec. The ra t io  i s  then 
and i s  acceptable.  
Noting that veloci t ies  of t rans la t ion  through a p l a s m a  lower than ion 
the rma l  veloci t ies  provide no net average potential  changes,  one can 
validly a s s u m e  that average  potential  changes for  a m a t e r i a l  of finite 
re laxat ion t ime ,  e. g. ,. 
fo r  g l a s s  f ibe r  phenolic can  be no l a rge r  than sheath potentials a t  the 
s u r f a c e ,  o r  values  of 10 to 100 vol t s ,  compared with m o r e  than 5000 
volts acce lera t ing  potential .  
Pene t ra t ion  of the p l a sma  by the beam i s  concluded to be  prac t icable  
based  upon exper iments  with the EBMD and Bunker-Ramo's  model  of 
the r een t ry  p l a sma ,  However ,  nothing in the effort  of the f i r s t  th ree  
q u a r t e r s  has  provided a quantitative p ic ture  of the c h a r a c t e r  and amount 
of controlled radiation which can be associated with the EBMD in  the 
p l a s m a  sheath.  The fourth q u a r t e r ' s  work ,  as descr ibed  in Section C 
of this chapter ,  does provide a be t t e r  insight into the radiat ion mechanisms 
and overa l l  probabili ty of p l a sma  sheath penetrat ion feasibil i ty.  
it  does  not provide final answers .  
pe r imen ta l  investigations recommended in  Bunker -Ramo's  unsolicited 
p roposa l  f o r  extension of the p re sen t  contract ,  a s  modified in  the State- 
m e n t  of Work .  
However,  
These mus t  await  cOmpletion of e x -  
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C. FINAL QUARTER'S E F F O R T  AND RESULTS 
The work of the f inal  q u a r t e r  has  been devoted p r imar i ly  to developing 
a model  of the mechanisms giving r i s e  to coherent  microwave radiat ions 
f r o m  the EBMD. E a r l i e r  work on this  cont rac t  indicated that the osc i l -  
la t ions a r e  a shea th-dr i f t - shea th  type of osci l la t ion r a t h e r  than a spat ia l ly  
continuous interact ion between the beam and the p lasma.  Based on this ,  
the interact ions between var ious regions of the EBMD were  invest igated 
to de te rmine  where  sheath-dr i f t -sheath osci l la t ions could occur .  The 
work  of Wehner (Ref.  1 )  and Looney and Brown (Ref. 2) indicates  that  
the requi rements  fo r  osci l la t ions of this  type a r e  much l ike those f o r  a 
klystron. A coherent  velocity modulation i s  impar ted  to e lec t rons  in  a 
sheath,  converted to densi ty  modulation i n  a dr i f t  region, and removed 
by a second passage  through a sheath. 
t ions a r e  me t ,  osci l la t ions of this  type a r e  poss ib le .  
If the following n e c e s s a r y  condi- 
(1) The t ime an e lec t ron  spends in  the sheath m u s t  be cons is ten t  
with attaining a coherent  velocity modulation a t  the osci l la t ing 
frequency.  
(2 )  The t ime the e lec t rons ,  considered a s  a group o r  flux r a t h e r  
than individually, spend in  the d r i f t  space  m u s t  be consis tent  
with that requi;ed fo r  a port ion of the i r  average  energy to be 
avai lable  a t  the oscil lation frequency.  
( 3 )  A path m u s t  be available for  the demodulated e lec t romagnet ic  
energy to coherently influence the modulating sheath.  
These conditions a r e  not sufficient to e n s u r e  osci l la t ion,  but s ince they 
a r e  necessa ry  they may  be used to de t e rmine  where  osci l la t ions of this  
sheath -drift  - sheath type could occur .  
This  section of the r e p o r t  w i l l  f i r s t  cons ider  applying these conditions 
in  general  t o  the d i scha rge ,  then examine each  in  m o r e  detai l  as  applied 
to  the model which evolves .  Most of the reg ions  of the EBMD d i scha rge  
do not have the basic  configuration r equ i r ed  and m a y  be quickly d i s m i s s e d  
f rom the basic  model.  
cathode) by the cathode sheath,  this  modulation is  not l ikely to be p a r t  of 
bas ic  oscil lation mechanism because  no demodulating mechan i sm i s  
apparent  downstream on the beam.  
and the beam plasma-f requency  were  prev ious ly  shown to prec lude  a 
t r a n s f e r  of e lectrokinet ic  to  e lec t romagnet ic  energy  i n  the beam region;  
a l so ,  no suitable sheath is apparent  fo r  shea th  demodulation. 
If the beam is being modulated ( a s  it ex i t s  the 
The col l imat ing p lasma-f requency  
The only region of the EBMD in  which th i s  type of mechan i sm is  likely 
to  be operative i s  i n t e r io r  to the cathode glow. 
reasonably f ie ld-free region a r e  sur rounded by a shea th .  
m e e t s  the th ree  necessa ry  conditions prev ious ly  s t a t ed ,  a model  of the 
microwave oscil lating mechanism s i m i l a r  to Wehner 's  is indicated.  
H e r e  e l ec t rons  in  a 
If t h i s  region 
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, The first condition m a y  be stated mathematically a s  
T = nT t AT (n  0 , 1 , 2 * * ' )  
Where T i s  the t ime  a n  e lec t ron  spends in  the sheath,  T i s  the per iod of 
the osci l la t ion,  and n is an in teger .  
With sheath voltages and thickness  in  the EBMD discharge ,  the only 
c a s e  of i n t e r e s t  i s  the n = 0 c a s e  
T = AT 
If A T / T  is a sma l l  f ract ion,  the t ime coherence of the velocity modulation 
is ensured .  
This  type of velocity modulation was repor ted  by Gabor e t  a1 (Ref. 3)  
in  1955. 
the posi t ive column of a n  Hg d ischarge  using an  e lec t ron  beam probe.  
These exper iments  a l s o  indicated that the potential  dis t r ibut ion in the 
sheath m a y  be  taken as  parabol ic .  
It was observed  during measu remen t s  of the sheath surrounding 
Using th i s  r e su l t ,  T m a y  be wri t ten a s  
where  the in t eg ra l  is taken over  the e lec t ron ' s  path i n  the sheath,  x is  
the d is tance  f r o m  plasma into the sheath, and v is the e l ec t ron ' s  velocity. 
The potent ia l  in  the  sheath (V) is 
v = v s  2 (4 - X 
d2  
where  Vs is the sheath voltage drop  and d is the sheath thickness .  
exp res s ion  f o r  T then takes  the f o r m  
The 
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t 
and finally 
which i s  independent of V o ,  the init ial  energy of the e lec t ron ,  T i s  plotted 
in F igure  1 a s  a function of d with V S  a s  a p a r a m e t e r .  
may  be seen that fo r  V s  = 500 V and a sheath thickness of 1 mm, the 
EBMD conditions, T i s  wel l  within the region where  the modulation i s  
coherent.  
F r o m  this plot it 
Sheath Thickness  (mm) 
F igure  1. Elec t ron  T ime  in the Sheath as  a Function 
of Sheath Thickness  
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The second condition i s  that the e lec t rons ,  after being velocity modu-  
la ted ,  r ema in  in a f ie ld- f ree  region the p r o p e r  length of t ime f o r  the 
velocity modulation to b e  converted to density modulation. 
f o r  the p r o p e r  t ime ( t )  is given by Wehner a s  
The  express ion  
T 
4 t = - (4n t 1) 
w h e r e  n is a mode  number  and T is  the osci l la t ion per iod.  
observed  frequency of approximity 1 kmc 
F o r  the 
t =  
1 .25 n =  1 
2.25 n = 2  
3.25 n = 3  
etc. 
F o r  e l ec t rons  which have the energy of the cathode shea th ,  approxi -  
mate ly  500 eV,  the t rans i t  t ime on a d i ame te r  of the cathode glow ( 3  c m )  
is 2. 25 nanoseconds,  which cor responds  to a mode  number  of two. At 
a p r e s s u r e  of 10 p, the m e a n - f r e e  path of a 500 V e l ec t ron  is approxi -  
ma te ly  5 cm o r  on the o r d e r  of the cathode d ikmete r .  
that e l ec t rons  in the cathode can  r ema in  o r d e r e d  in t ime and space  long 
enough to de l iver  1 k m c  energy  a c r o s s  the cathode glow. 
This  indicates  
The  condition ( th i rd)  f o r  feedback between the modulation and demodu- 
la t ion regions may  be sat isf ied if  the cathode glow is considered a d ie lec-  
t r i c  sphe re .  
f requency  (0) is given by 
The d i e l ec t r i c  constant of the sphe re  ( E )  a t  the angular  
w 
E = E ( 1  - w )  
0 
P 
13 w h e r e  wp is  e l ec t ron  p l a s m a  frequency. 
e l e c t r o n s  p e r  cubic cen t ime te r ,  w 
At a number  density of 10 
is 3 .  7 x 109 cps ,  s o  that P 
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The effect of this sphe re  in a cyl indrical  me ta l  cavity p i e rced  by 
a n  e lec t ron  beam on the no rma l  na tura l  modes of osci l la t ion has  not 
been resolved. 
modes  (Stratton, Ref. 4) but should support  degenerate  TEM modes.  
Experimental  determinat ion of the mode pa t t e rns  in the cathode wil l  be  
required to effectively solve this  problem. 
The spacings involved a r e  too s m a l l  f o r  T E  o r  TM 
The  result ing model  of the sou rce  of osci l la t ions is the cathode sheath 
modulating the f a s t  e lec t rons  in the cathode which de l iver  some  of the i r  
kinet ic  energy to the osci l la t ion due to  density order ing  which o c c u r s  in 
the cathode. This energy is ex t rac ted  a s  e lec t romagnet ic  energy  by the 
shea th  in  a region opposite the modulation region. 
tained by a n  e lec t romagnet ic  t r ans fe r  between the interact ion region of 
the sheath. 
The phasing is ma in -  
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IV. STUDY CONCLUSIONS 
The conclusions of t he  p r o g r a m  have been reached,  with the following 
genera l  r e s u l t s  and comments  held t o  be valid,  based upon the investiga- 
t ions repor ted  in  Chapter  111. 
1. Source  of Elec t romagnet ic  Energy 
The  beam-plasma in te rac t ion  studies have shown conclusively that ,  
while beam-plasma amplification of the b e a m ' s  p l a sma-  e lec t ron  osc i l la -  
t ion is c l ea r ly  feas ib le  i n  the  posit ive column, the  observed  f requencies  
do not cor respond t o  those  which would be  so produced. The re fo re ,  as 
previously conjectured,  the cathode region is the sou rce  of e lec t romag-  
net ic  oscil lation. The p r o c e s s  by which t h e  t h e r m a l  and p l a sma  kinetic 
energy  of the  negative glow-sheath-cathode regions is  connected t o  co- 
h e r e n t  e lec t romagnet ic  osci l la t ions i n  the microwave spec t rum and 
coupled out is now fa i r ly  well  understood, in terms of Wehner o r  Looney- 
Brown type of osci l la t ions.  No purely theore t ica l  t r ea tmen t  of such com- 
plex in te rac t ions  is  e v e r  l ikely t o  be complete,  however,  and exper iments  
m u s t  be conducted t o  conf i rm the model and make  it m o r e  quantitative.  
On the  o the r  hand, t hese  exper iments  can now be careful ly  d i r ec t ed  and 
c a n  be much m o r e  economical  of t i m e  and labor ,  as wel l  as equipment, 
s ince  the  s o u r c e  region and mechanism have been identified. 
2. Communication Through the P l a s m a  Sheath 
Among the  c h a r a c t e r i s t i c s  of the EBMD-associated radiation, as 
It had been hoped that m o r e  of t he  to ta l  d i scharge  
observed  i n  previous exper iments ,  is  the low-power density in the 
microwave  l ines .  
power,  which is l a rge ,  could be converted t o  e lectromagnet ic  energy 
in  th i s  f requency region when the  mechanism of the s o u r c e  osci l la t ion 
was  found and quantitatively analyzed, Inherent  in  the p r o c e s s  of con- 
ver t ing  e l ec t ron  vibrat ions into coherent radiat ion is  a gain of energy 
propor t iona l  t o  (An)2 where  An is  the i n c r e a s e  in  number  of e lec t rons  
osci l la t ing in  the  p r o p e r  coherent  mode, 
t ha t  i n c r e a s e s  i n  to ta l  power in  the d ischarge  and not i n  single cathode 
o r  beam geometry  changes will  probably be requi red ,  s ince the numbers  
of e l ec t rons  in  the  appropr ia te  velocity ranges  t o  affect osci l la t ions a r e  
f ixed at constant  t e m p e r a t u r e  and voltage. Thus,  e i ther  voltage changes 
o r  kinet ic  t e m p e r a t u r e  changes,  resul t ing in  higher  power d i scha rges ,  
would be requi red ,  t o  first o r d e r ,  although some  cathode t r anspa renc ie s  
and vol tages  would be m o r e  conducive to l a r g e r  osci l la t ion ampli tudes 
than  o t h e r s ,  No orders -of -magni tude  i n c r e a s e s  will  r e su l t ,  however ,  
f r o m  small var ia t ions  i n  d ischarge  p a r a m e t e r s ,  and one mus t  cons ider  
t he  to t a l  radiat ion power output l imited by p la sma  d ischarge  power input. 
It h a s  now been d iscovered  
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Enough feasibi l i ty  ex is t s  f o r  the  b e a m ' s  penetration of t he  r e e n t r y  
sheath and i t s  providing a waveguide to  the outside of the high densi ty  
regions of the p lasma to  make  it worthy of considerat ion a s  a n  antenna 
o r  a s  a means of obtaining a beam f o r  o ther  sheath-penetrat ion tech-  
niques. 
t e n s o r  of the  p l a sma  to  reduce  the c r i t i ca l  f requency along the  b e a m ' s  
path, 
r ight frequency range t o  justify checking the effects of o ther  f ac to r s .  
These  effects m a y  be cons idered  a s  modifying the  permeat iv i ty  
However, not enough power f r o m  the EBMD can be obtained i n  the 
Unless, in the cour se  of the experimental  work to  conf i rm the  p re sen t  
p i c tu re s  of radiation sources ,  a development occur s  which indicates  tha t  
another ,  m o r e  efficient mode of interact ion is present ,  EBMD penet ra -  
t ion of the p lasma sheath i s  not cons idered  to  be feasible .  
3. General  P r o g r a m  Results 
It is not su rp r i s ing  that  a purely theore t ica l  p r o g r a m  and l i t e r a t u r e  
s e a r c h  has not produced quantitative a n s w e r s  t o  questions which had 
been formulated on the bas i s  of unexpected exper imenta l  observat ions 
(insufficiently complete t o  provide data  f o r  m o r e  than the  immedia te  
o b s e r v e r ' s  sat isfact ion) .  More  than th i s  can  be accomplished,  however ,  
based upon the y e a r ' s  effort ,  with much l e s s  exper imenta l  effort  than  
was fo rmer ly  requi red  and, in  t e r m s  of overa l l  expense,  with l e s s  
money. A model  has  been provided f o r  the  radiat ion mechan i sm in  
which considerable  confidence is war ran ted ,  and which can be used  
effectively and quantitatively to  guide fu ture  exper iments .  Also,  a 
respectable  body of knowledge in beam-plasma in te rac t ions  and the  
problems of p lasma sheath communicat ions h a s  been a s sembled  which 
will  be useful as an  annotated bibliography to  fu ture  inves t iga tors  and 
to  the cu r ren t  inves t iga tors  in  fu ture  p r o g r a m s .  NASA's chief benefit 
will  have been the acquisit ion of th i s  information and a confidence leve l  
in beam-plasma penetrat ion methods,  
ment ,  scientifically,  can  now be completed in a shor t  exper imenta l  p ro-  
g r a m  guided by the r e su l t s  of the p re sen t  p rogram.  
A significant and laudable achieve-  
t 
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V. RECOMMENDATIONS 
It is recommended that NASA follow the experimental  p r o g r a m  in  the 
previously re ferenced  proposa l  submitted by Bunker -Ram0 a s  a con- 
c lusion to the EBMD investigation which began under  IRD sponsorship 
in October  1960, and under  NASA sponsorship in January  1963. This  
proposed p r o g r a m  wil l  r e su l t  in definite,  quant i ta t ive,  and complete 
descr ip t ions  of the EBMD coherent  radiation when combined with the 
exper imenta l  r e su l t s  under  Contract  NAS 714 and the study r e su l t s  un-  
d e r  Cont rac t  NAS 12-9. 
s t r a t ion  of the feasibi l i ty  of p l a s m a  sheath penetrat ion be funded because ,  
while such  an  effect on labora tory  sca le  would probably r e su l t ,  the achiev 
able  power levels  make  i t  imprac t i ca l  f o r  ac tua l  flight use.  
It is not recommended that exper iment  demon- 
I 
Basica l ly  two modes  of e lec t ron  beam-plasma in te rac t ion  can give 
r i s e  to the observed  radiation: (1)  the Wehner-type osc i l la t ions ,  and 
( 2 )  t ravel ing-wave beam-plasma interact ions.  The f o r m e r  is consid-  
e r e d  to  be the type operat ive in the EBMD, while the l a t t e r  i s  possible  
between the  EBMD and i t s  positive column. 
act ions a r e  genera l ly  descr ibed  in the paragraphs  which follow, and 
con t r a s t ed  with those of the EBMD, so  that confidence can  be  felt in 
d ismiss ing  this type of oscil lation mechanism for  application to  the EBMD. 
i 
These  t ravel ing-wave i n t e r -  
Among the many investigations of traveling -wave beam-p lasma  in te r  - 
ac t ions ,  t h r e e  e m e r g e  a s  archetypical :  
( 1 )  Backward-wave in te rac t ions  (Hopson e t  al) 
( 2) Forward-wave  amplification (Boyd and Gould) 
( 3 )  Multi-modal beam-plasma interact ions (Smullin and Getty).  
A good c a s e  can  be made for  including o ther  investigations in this  
l i s t ing ,  such  a s  the Penning d ischarge  amplif ier  (Russ i an ) ,  the Drummond- 
Kofoid observa t ions ,  and those descr ibed  by Kino et a l .  However,  the 
observa t ions  a s  included in the t h r e e  models l i s t ed  a r e  believed an  ade-  
quate grouping for  this  study. 
The d i spe r s ion  equations which a r e  der’ived f r o m  ,the propagation 
equations for  waves in  p l a smas  a r e ,  in gene ra l ,  implici t  functions of 
the v a r i o u s  p lasma f requencies  wo,  w , u p b ’  wc,  wpi9 y , T , T .  and e 1  P 
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tube spacing and voltage p a r a m e t e r s .  
bi l i t ies  by inspecting the equations when they a r e  s imple  enough, but 
r a r e l y  are they so  s imple .  
v e r s u s  frequency (normal ized  to  up)  f o r  the beam-p lasma  sys tem.  These  
plots  a r e  known as  Bri l louin d i ag rams .  
tain topographical cha rac t e r i s t i c s  , i t  is  considered a candidate f o r  grow-  
ing instabi l i t ies ,  and the regions where in  the re  a r e  slow and f a s t  o r  
negative and posit ive energy waves  coupled closely together  a r e  explored 
m o r e  carefully by computing interact ion impedances between those pos  - 
sibly unstable modes  of coupled waves.  Th i s  computation is m o s t  effec-  
t ively done (the possible  modes  bes t  identified) when exper imenta l  points 
of observed osci l la t ions a r e  plotted on the s a m e  Bri l louin d iagram.  
One can look fo r  growing ins t a -  
One usually plots the propagation constants  
If a Bri l louin d i a g r a m  h a s  c e r -  
Whenw, i s  identically z e r o ,  as in the c a s e  of the EBMD, not all f o r -  
mulations of the d i spe r s ion  equations a r e  equally valid. Somet imes  one 
can  substi tute wc = 0 and obtain c o r r e c t  r e s u l t s ,  but m o r e  often wc m u s t  
ex i s t ,  no m a t t e r  how s m a l l ,  in o r d e r  f o r  the approximations to be valid. 
In the c a s e  of the Smullin and Getty observa t ions ,  the in te rac t ion  is 
apparently a cyclotron resonance between noise  c u r r e n t s  at f i r s t ,  followed 
by an  increasingly l a rge  local  wP unti l  the b e a m ' s  wpb = up. The  resul t ing 
excess ive  R F  fields cause nonlinear t r a n s v e r s e  f ie lds  s e t  up by the in -  
te rac t ion  on  the ex i s ,  terminat ing in rapid heating of the p l a s m a ,  b e a m  
instabil i ty,  and the production of X - r a y s ,  U V  light,  and highly ene rge t i c  
secondary e lec t rons .  Without magnet ic  f ie lds  and wpb up, these  in t e r  - 
act ions cannot o c c u r ,  and they a r e  the re fo re  not m e m b e r s  of the EBMD 
set .  
Backward wave interact ions occur  between waves on a b e a m  and waves  
in a p l a s m a  medium in both beam-genera ted  and non-beam-genera ted  
s y s t e m s .  
direct ion opposite to that of the posit ive energy  flow impl ies  the ex is tence  
of a conductivity o r  permeat iv i ty  t enso r  whose de te rminanta l  equations 
( s e c u l a r  equations) allow f o r  posit ive feedback of the t ravel ing wave ' s  
energy  through interact ion with the p l a s m a  medium. 
this feedback m u s t  not only overcome norma l  s y s t e m  l o s s e s ,  but a l s o  
the removal  of energy  f r o m  the wave in  the normal ly  forward  d i rec t ion  
by the space charge  waves on the beam.  T h e r e  i s ,  t he re fo re ,  a " s t a r t  
oscil lation" cu r ren t  o r  impedance condition which must  be me t .  
only mode of posit ive feedback avai lable  to an e l ec t ron  b e a m  whose energy  
is a l l  in the forward  d i rec t ion  in  a quas i - s t a t iona ry  p l a s m a  med ium is 
the backward-wave interaction. 
a longitudinal field contain t e r m s  in both - V x ,  Bz  and t V x , y  Bz ;  however ,  
s ince there  i s  no ex terna l  magnet ic  field in the EBMD s y s t e m ,  no backward 
wave interact ion can exis t  at any value of c u r r e n t  below re la t iv i s t ic  v e l -  
oc i t ies  f o r  the beam e lec t rons .  
The  exis tence of a wave which grows while propagating in a 
In o r d e r  to osc i l l a t e ,  
The  
The f o r c e  equations in the p r e s e n c e  of 
v -2 
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